There is continuing interest in the pathological and physiological basis of lead intoxication in man. The nature of lead palsy remains obscure, in spite of many observations on experimental animals. One problem is that lead produces different effects in different species. Punctate basophilia, for example, is found in the blood of lead poisoned guinea-pigs, rabbits and man, but not in cats and dogs (Key, 1924) . Gombault (1880) showed that some nerve fibres of chronically poisoned guineapigs underwent a 'nevrite segmentaire periaxile', a process which is now known as segmental demyelination. In the rabbit, however, segmental demyelination is not seen, the fibres undergoing a Wallerian type of degeneration (Shimazono, 1914) .
Electrophysiological studies on lead poisoned patients have been reported by a number of workers. Hausmanowa-Petrusewicz, Emeryk, Sobkowicz, Wasowicz, and Tur (1962) and Delwaide and Chantraine (1965) both report the presence of fibrillation and polyphasic potentials suggesting denervation of muscles.
Measurements of conduction velocity have been reported on a few patients with lead palsy (Preiskel, 1958; Simpson, Seaton, and Adams, 1964; Delwaide and Chantraine, 1965) but in none was there evidence of slowing of nerve conduction. Sessa, Ferrari, and Colucci d'Amato (1965) measured ulnar conduction velocity in 20 patients exposed to lead but without symptoms referable to the nervous system. The mean velocity was about 12 m/sec less than the values obtained in healthy people in other laboratories, but the absence of reported recordings on controls by these authors, and the absence of any note of measurement of limb temperature, renders these results difficult to interpret. has recently studied the changes in nerve conduction velocity in guinea-pigs with lead poisoning, some of which developed mild paralysis of the hind limbs. In 17 out of 40 animals examined, conduction velocity fell below the normal range of 40 to 60 m/sec, in some cases to less than 20 m/sec. These changes were associated with segmental demyelination, a few fibres showing a Wallerian type of degeneration.
Because of the varying effects of lead on different species, it was decided to study the effects of lead on an experimental animal phylogenetically closer to man. This paper reports the results of measurements of nerve conduction velocity and electromyography in the lead poisoned baboon, and observations on haemoglobin, punctate basophilia and blood lead.
Methods
Twelve large baboons (Papio anubis) were studied, their weights ranging from 7-2 to 13-6 kg. The nine female animals all showed sexual changes in the skin and so may be presumed to be older than four years. The three male baboons weighed 7-2 to 9 5 kg, and, as adult male 130 baboons are larger than females, the male animals studied were clearly not full grown. In addition, three infant female baboons (P. anubis 2, P. hamadryas 1) were studied, their weights ranging from 2-8 to 3-3 kg. Animals were caged singly, allowed one litre of water a day and fed on a pellet diet, M.R.C. 41 B, supplemented by a daily fruit. All animals received 1,000 pg of B12 (Glaxo Laboratories) by injection monthly, to avoid the changes seen in the nerves of captive Macaca rhesus described by Oxnard and Smith (1966) . All animals were retained for at least three months in the laboratory before lead intoxication was begun. During this time all animals were treated with thenium and piperazine to eliminate parasites, and had chest radiographs. Those with haemoglobin levels of less than 10 g/100 ml received 50 mg of iron a day in the drinking water. These measures resulted in increases in haemoglobin of up to 5 6 g/100 ml, and in weight of up to 2-3 kg.
Sedation was induced by intramuscular injections of phencyclidine (Sernylan, Parke, Davis and Co.), 2 mg/kg, and promazine (Sparine, John Wyeth), 1 mg/kg. Intravenous pentobarbitone (Nembutal, Abbott Laboratories), 3 mg/kg, was given to produce anaesthesia for the administration of lead.
After consideration of the various possible methods of administering lead, it was decided to use an intratracheal injection of a suspension of lead carbonate. Minot (1924) successfully used this method in cats, and showed that absorption was more complete from the lungs than from the gastrointestinal tract or from a subcutaneous depot. Lead carbonate was prepared as a freshly agitated suspension in sterile normal saline, and injected, under anaesthesia, through a 21 gauge needle into the trachea.
The animal was then postured at about 300 to the horizontal for about 15 minutes, so that the suspension trickled into one or other lower lobe. A radiograph of the chest of one animal, 15 minutes after injection, is reproduced (Fig. 1) . The usual quantity given was 1 g in 10 ml, this being equivalent to a dose of 50 to 135 mg/kg initial weight. Smaller quantities were given to the infant baboons so that the dosage per kilogram was in the same range.
Blood was obtained by femoral venous puncture. The haemoglobin was estimated by a modified Haldane method. Blood lead was estimated on haemolysed whole blood using the method of Delves and Vinter (1966) . Blood films were stained with Leishmann's stain, and 40 high-power fields were then searched for the presence of punctate basophils.
Conduction velocity in motor and sensory fibres in the median nerve was estimated under light anaesthesia by a method similar to that of McLeod and Wray (1967) , and in the anterior tibial nerve using the same principles. The median and lateral popliteal nerve trunks were stimulated through subcutaneous needles placed close to the nerve trunks. Muscle action potentials were recorded through needles with the active electrode over the belly of the abductor pollicis brevis or extensor digitorum brevis muscle, the remote electrodes being placed over the tendons. All shocks were supramaximal, but care was taken to avoid spread of the stimulus to neighbouring nerves. The ascending nerve action potential (NAP) in the median nerve was recorded at the elbow on stimulation at the wrist, and in the anterior tibial nerve at the knee on stimulation at the ankle. A sensory nerve action potential was recorded from the median nerve at the wrist on stimulation of the index finger. Full details of the placement of the electrodes and of the stimulating and recording systems are available elsewhere (Hopkins, 1968) . A number of muscles were searched for fibrillation potentials, using a coaxial needle electrode (DISA 13K80). Intramuscular temperature was estimated in the forearm flexor muscles and in the anterior tibial muscles with a thermistor at a time between the measurements of motor conduction and ascending conduction in each limb. The thermistor was also used to measure temperature in a hypothenar skin fold on the hand immediately afer an estimate of sensory nerve conduction. The animal was covered with cotton wool, the room temperature was maintained above 22°C and on occasions a lamp would be placed near the animal's back, but no other external form of heating was employed. On two occasions the body temperature of control animals was artificially lowered by fans and icepacks to study the temperature coefficient of conduction velocity (Hopkins, 1968) .
Results
The normal blood lead Blood lead was estimated on arrival in the laboratory on all 15 baboons, and on 12 other healthy baboons used for other studies. The mean concentration was 11-7 ,ug/100 ml (range , and 87% of all estimations were less than 16 ,ug/100 ml.
The 'adult' baboons Ten animals were studied until death between 39 and 265 days after the first injection of lead, the mean survival time being 120 days. In addition two animals were killed after 336 and 362 days respectively. The clinical details of the illness of each animal are recorded in the Appendix (p. 139).
The effect of a single injection of PbCO3 on the blood lead The blood lead in one baboon (B12) was estimated at short intervals after the first injection of 1,000 mg of lead carbonate (PbCO3) (105 mg/kg). Figure 2 illustrates the rise in blood lead to a peak of 310 ,ug/100 ml by the fourth day. This level was maintained for a further seven days. The rate of decline was then approximately exponential, the blood lead remaining over 100 ,ug/100 ml for at least 24 days. The effect of repeated injections of PbCO3 The results illustrated in Fig. 2 Figure 3 illustrates the course of the clinical illness of baboons 3 and 5. In baboon 5 poisoning was accompanied by a marked fall in weight to 62% of the initial weight, but the general condition remained very good even though at one time the blood lead was as high as 4,550 ,ug/100 ml.
The haemoglobin level in this animal appears to follow approximately the changes in weight, but this was not always the case, as is shown by the chart of baboon 3. The rate of loss of weight was not related to the change in blood lead. Baboons 11 and 12 lost weight rapidly and died, the blood lead never having exceeded 500 and 630 ug/100 ml respectively. However, baboons 5 Inspection of the results showed that fits were particularly frequent between 4 and 11 days after an injection of lead, a time at which the blood lead reaches its peak (Fig. 2) . All five baboons which began convulsing within this period died during one of a number of seizures which immediately followed.
The three other baboons which convulsed did so between 23 and 29 days after the previous injection of lead, at a time when the blood lead was falling, and all survived.
Anaemia and punctate basophilia No consistent fall in haemoglobin concentration was observed. Figure 4 shows the relation between haemoglobin and blood lead plotted in a manner similar to that of Williams (1966) . The results of 136 estimations of blood lead after the beginning of poisoning have been grouped into classes of 100 ,ug/100 ml up to 1,000 ,ug/100 ml, with three further classes of 1,00041,499, 1,500-1,999 and over 2,000 ug/100 ml. All results have been included from venepunctures when haemoglobin concentration was also estimated. The mean haemoglobin concentration and two standard deviations have been calculated for the haemoglobin estimations within each blood lead class. Figure 4 shows that there is no significant decrease in haemoglobin concentration with increasing levels of blood lead.
Punctate basophilia was not found on any one of 136 examinations.
The peripheral nervous system As noted above, the only weakness observed was associated with encephalopathy, and in no animal was there clinical evidence of a peripheral neuropathy.
Nerve conduction velocity was estimated on 16 occasions in the median and anterior tibial nerves of six baboons at times varying between 35 and 346 days after beginning injections of lead carbonate.
In all six animals examined repeatedly, no significant decrease was observed in conduction velocity in either nerve examined, or in the size of the muscle and nerve action potentials recorded. Estimates of conduction velocity recorded before intoxication, and final estimates before death or sacrifice, are compared in Table 1 . Many of the lead poisoned baboons were extremely wasted, and intramuscular temperatures were consequently as much as 3°C lower than the initial temperatures. All velocities have therefore been adjusted to 37°C using temperature coefficients calculated for the median and anterior tibial nerves of the baboon (Hopkins, 1968) . The mean percentage change of final velocity compared to initial velocity for all 27 observations recorded in Table 1 was only 1 07 %. There was no consistent decrease in the amplitude of muscle and nerve action potentials. An example of the potentials obtained is illustrated in Fig. 5 , which shows the series of muscle action potentials recorded from the abductor pollicis brevis of baboon 5, which was poisoned for nearly a year.
Motor units were recorded from extensor digitorum communis or brachioradialis, innervated by the radial nerve on six occasions (baboon 1, days 94, 105; baboon 4, day 123; baboon 6, days 123, 182; baboon 12, day 143). A temperature coefficient was not available for this nerve, but in no case was a unit found with a velocity of less than 58 m/sec. The mean velocity for all units was 67-9 m/sec, compared to a mean of 69 0 m/sec for five units from two control animals.
Strength-duration curves were plotted for radial- Ferraro and Hernandez (1932) administered lead carbonate to two 'monkeys' for 66 days as part of a larger study on the neuropathological changes in lead poisoned cats. In the brachial plexus and sciatic nerve of each animal there was 'a certain amount of segmental degeneration of nerve fibres with swelling and fragmentation of both myelin and axis cylinders. Numerous fibres were seen surrounded by a swollen myelin covering'. However, from their illustrations it does not seem that these authors are describing segmental demyelination in the sense used by Gombault (1880) . Vermande van Eck and Meigs (1960) studied abnormalities of ovarian function in M. rhesus poisoned by weekly injections of intravenous lead chloride. They noted that one animal developed a lateral popliteal palsy, but the nervous system was not examined. Table 1 shows that there was no significant fall in conduction velocity in six animals, two of which were followed for almost a year. There can be no question that at least four of these animals were seriously poisoned (BI, 3, 4 and 12) because they convulsed at some stage. found a reduced conduction velocity in only 1 out of 6 guinea-pigs poisoned for 9 to 15 weeks, and in only 5 out of 18 guinea-pigs poisoned for 16 to 22 weeks. It might be suggested that chance alone precluded the finding of a reduced conduction velocity in the six baboons examined for between 13 and 50 weeks. Moreover, Fullerton points out that in a number of animals with normal conduction velocity many fibres were undergoing segmental demyelination or remyelination. The survival of only a few normal fibres will preserve motor conduction velocity. However, sensory nerve action potentials were recorded in the present study. The amplitude of these depends upon the arrival of a nearly synchronous volley beneath the recording electrode. In none of the lead poisoned baboons was there any significant reduction in the amplitude of the sensory action potential, indicating that in few, if any, of the fibres was velocity slowed.
Wallerian-type degeneration in some fibres would not produce any slowing of conduction velocity; however, interruption of the axon and its severance from the muscle fibre would cause spontaneous fibrillation. A search of many muscles, proximal and distal, and of those innervated by the radial nerve, failed to disclose any spontaneous fibrillation.
The electrophysiological findings alone suggested that the peripheral nerves were unaffected and this has been supported by a preliminary histological examination.
The present study does not suggest that there is any 'threshold' level of blood lead above which evidence of intoxication will occur. Some animals developed seizures and died with levels between 5 and 10 times less than those seen in animals which survived and maintained their weight for up to a year. This is in accord with a statement of Cantarow and Trumper (1944) that 'the concentration of lead in the blood bears no consistent relationship to the appearance or severity of clinical manifestations of lead poisoning. The latter may be absent at high levels of blood lead, and may be present at low levels'.
Anaemia and punctate basophilia were not seen in the large baboons, even in those animals which were clinically poisoned or had very high levels of blood lead.
The anaemia of lead poisoning is usually attributed to defective haemoglobinization with increased mechanical fragility, although osmotic fragility is usually a little decreased. found that the osmotic fragility of red cells in a saline solution containing 1,000 ,ug of lead per 100 ml was decreased for the cells of man, rabbits, guinea-pigs and rats -species in which punctate basophilia is easily produced. There was no change in the osmotic fragility of leaded cells of horses, dogs or cats, animals which do not develop punctate basophilia or anaemia. There is clearly a difference between genera, but the occurrence of punctate basophilia in the blood of lead poisoned humans, the Gorilla cited by Ruch (1959) and the Mandrillus sphinx described by Hausman et al. (1961) makes its absence in the baboon rather surprising. There are at least two possible explanations. Stippling may not occur in the baboon because the metabolism of red cell production is different in the baboon, cat and hen from the rabbit, guinea-pig and man; or the stippled cells could be removed from the circulation as soon as they are formed.
Although a considerable amount is now known about the effect of lead on the condensation of two molecules of 8-aminolevulinic acid to form porphobilinogen, and on the incorporation of iron into the protoporphyrin molecule to form haem (see Waldron, 1966, for references) there is no information available about the varying effect of lead on porphyrin metabolism in various animals.
Stippled cells are possibly removed from the circulation by the spleen. McFadzean and Davis (1949) showed that splenectomy performed on lead poisoned guinea-pigs enormously increased the numbers of circulating stippled cells, though having no quantitative effect on the stippling of the red cell precursors in the bone marrows. An alternative action of the spleen might be to remove the basophilic granules whilst leaving the red cell as a whole intact, or to stimulate the red cells to metabolize the granules rapidly. Although seemingly unlikely, the work of Crosby (1957) suggests that this is possible. He transfused chromium-51 tagged red cells containing siderin granules into four recipients with spleens. The siderin granules rapidly disappeared whilst the red cells remained. In two recipients after splenectomy siderin granules and cells remained in the same proportion. This explanation seems unlikely to account for the results of McFadzean and Davis as the anaemia of the guinea-pigs was also ameliorated by splenectomy.
The absence of punctate basophilia in the lead poisoned baboons might be due to an unusual path of red cell formation and haemoglobinization or to an extremely active reticulo-endothelial system which is able to remove the stippled cells or granules, or to stimulate metabolism of the granules as rapidly as they are formed (Crosby, 1957) . It would be interesting to search for basophilic stippling in the bone marrow of species which fail to show it in the peripheral blood when poisoned by lead. If present in the marrow, then the most likely explanation of its absence in the blood would be rapid removal of affected cells or granules by the reticulo-endothelial system.
It might be suggested that the failure to produce lead palsy or histological and electrophysiological changes in the peripheral nerves is linked to the failure to produce anaemia and punctate basophilia. For example, the enzyme systems both of neurones and of red cells of resistant species might have features in common which allow normal function in the presence of lead. However, examination of the available data does not support this hypothesis (Table 2 ). In the guinea-pig, anaemia and punctate basophilia are present, and predominantly segmental demyelination occurs, mixed with some Wallerian-type degeneration (Gombault, 1880; . In the rabbit, anaemia and punctate basophilia are present (Key, 1924) , but segmental demyelination is not seen. Shimazono (1914) described Wallerian-type degeneration in lead poisoned rabbits, and de Villaverde (1926a, b) described interruption of the axon, or at least of the argentophilic substance, which was not always accompanied by breakdown of myelin. He also stated that the anterior horn cells were shrunken, and that the Nissl granules disappeared. De Villaverde (1930) specifically stated that segmental demyelination was very rare in lead poisoned rabbits. In the rat, anaemia andpunctate basophiliaare readilyproduced, but it is very difficult to produce more than the most scanty Wallerian-type degeneration (Prevost and Binet, 1889) . In the cat, Goadby (1909) found it easy to produce extensor paralysis by exposure to litharge dust. Ferraro and Hernandez (1932) produced a little segmental demyelination and Wallerian-type degeneration in lead poisoned cats, and Lehmann, Spatz, and Wisbaum-Neuburger (1926) 
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±± (8) ++ (13) ++ (8) + (19) + (19) 0 (8) dissociation between the occurrence of encephalopathy and histological changes and the absence of changes in the blood. In the baboon it was not possible to produce any clinical or electrophysiological evidence of damage to the peripheral nervous system, and this has been supported by preliminary histological examination; neither was anaemia or punctate basophilia produced, yet encephalopathy was common. Punctate basophilia and anaemia occurs readily in lead poisoned man, and pathological changes have been described in the spinal cord and peripheral nerves. Gombault (1873) , in the case report of a woman colourer who developed wrist drop, described extensive Wallerian-type degeneration, as did Dejerine (1879) . The spinal cord in Gombault's report was normal. Herter (1895) 
